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High frequencyAbstract CaCu3Ti4O12 (CCTO) ceramics was prepared by solid state method. The raw materials
of CaCO3, CuO, and TiO2 were ball milled for 1 h. The mixed powders were calcined at 900 C for
12 h. The phase formations of calcined powders were analyzed by using X-ray Diffraction (XRD).
The calcined powders were pressed into pellet shape at 300 MPa and then were sintered at 1020,
1030 and 1040 C for 10 h, respectively. The sintered samples were subjected to XRD, Scanning
Electron Microscopy (SEM) and Impedance Analyzer for phase formation, microstructural and
dielectric measurement analysis respectively. XRD analysis shows the presence of CCTO and sec-
ondary phases for the calcined powders. The samples sintered at 1020 and 1040 C show the forma-
tion of CCTO phase with trace of secondary phases while complete formation of CCTO single
phase was obtained for the sample sintered at 1030 C. SEM analysis shows the phenomena of
abnormal grain growth for the samples sintered at 1020 and 1040 C while ﬁne grain was observed
for the sample sintered at 1030 C. Sample sintered at 1040 C was the densest sample while the
sample sintered at 1020 C had the highest percent of porosity. The highest dielectric constant
(3748) was achieved for samples sintered at 1040 C while the lowest dielectric loss (0.025)
was obtained for the samples sintered at 1020 C. These results indicate that sintering temperatures
effectively changed the properties of CCTO.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
CaCu3Ti4O12 (CCTO) ceramics was discovered to have high
dielectric constant which is around 10,000 for bulk material
at room temperature (Subramanian et al., 2000). Ramirez
et al. (2000) also reported that this giant permittivity has very
small temperature dependence in a wide temperature range of
100–400 K and almost frequency independent below 106 Hz.
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ers due to the potential of this material which might be used
for microelectronic application. Higher dielectric constant
means more charge can be stored and smaller devices can be
fabricated. However, CCTO ceramics has also exhibited high
dielectric loss which is undesirable for commercial application.
Guillemet-Fritsch et al. (2006) reported that the typical value
of dielectric loss is about 0.5 at frequency 1 kHz at room
temperature.
The origin of dielectric behavior of CCTO remains unclear.
Some researchers believed that the enormous dielectric con-
stant was unlikely because of the intrinsic mechanism. Intrinsic
mechanism deﬁnes that the huge dielectric constant of CCTO
is measured in single domain crystal, defect free and perfectly
stoichiometric (He et al., 2002). Subramanian et al. (2000)
speculate that the possible origin of high permittivity is
because of its crystal structure. They had suggested that the
high dielectric constant of CCTO may arise from the local
dipole moments. It was related with off-center displacement
of Ti4+ ions due to the site symmetry for Ti4+ ions in CCTO
being lower than in cubic BaTiO3. But, the transition to a
ferroelectric state like BaTiO3 is being obstructed by the tilt
TiO6 octahedral that was required to accommodate the square
planar coordination of Cu2+ ions.
Otherwise, the extrinsic mechanism effect was a more pop-
ular hypothesis when they explained the cause of the unique
dielectric properties of CCTO. The extrinsic mechanism means
that the dielectric response is related with domain boundaries,
defects or other crystalline deﬁciencies (He et al., 2002). Thus,
some of the researchers come with the conclusion that this
behavior is most attributed to internal barrier layer capacitors
(IBLC). Sinclair et al. (2002) reported that based on impedance
spectroscopy test, it was demonstrated that CCTO is electri-
cally heterogeneous which consist of semiconducting grains
and insulating grain boundaries. The presence of thin insulat-
ing layer at grain boundaries prevents the entire sample to be
conductive. So, they concluded that the high permittivity of
CCTO is associated with an IBLC and not due to intrinsic
mechanism. This hypothesis was also stated by other group
of researchers (Adams et al., 2006; Fu et al., 2008; Li et al.,
2009; Sulaiman et al., 2011).
Dielectric properties of CCTO are very sensitive to process-
ing parameters. The effect of different sintering temperatures
and sintering times on microstructure and dielectric of CCTO
had been studied by Mohamed et al. (2007). They claimed that
the highest dielectric constant value obtained at 1 kHz was
33,210 for the sample sintered at 1040 C at 10 h while the
lowest dielectric constant was 1569 for the sample sintered at
3 h using the same sintering temperature.
Other than that, addition of doping material into stoichi-
ometric ratio of CCTO has been shown as an effective method
to improve the dielectric properties of CCTO. The effect of Cr
dopant on the CCTO properties was studied by Zheng et al.
(2012). By using addition of 3 mol% of Cr2O3, they found that
the dielectric constant was increased over the whole frequency
range from 100 Hz to 1 MHz. The same sample also exhibited
the highest dielectric loss. This behavior might be correlated to
the increasing grain size with more Cr concentration. The
larger grain size may play a role in higher dielectric constant.
Meanwhile, Brize´ et al. (2006) had studied the effect of
grain size on the dielectric constant of CCTO ceramics. They
claimed that the larger grain formation can contribute to ahigher value of the dielectric constant. At frequency 10 kHz,
the dielectric constant of large grain size was around 9000
while sample with small grain size can only exhibit 3000.
Previous report by Zang et al. (2005) also stated that large
grain size and thin grain boundaries are responsible for high
dielectric constant of CCTO.
In current studies, there are lacks of high frequency mea-
surements of CCTO dielectric properties were presented.
Hence, in this study, the effects of sintering temperatures on
the microstructures evolution and dielectric properties of
CCTO ceramics characterized at high frequencies ranging
from 1 MHz to 1 GHz were investigated.
2. Material and methods
CaCu3Ti4O12 ceramics was prepared by the conventional solid
state method. According to stoichiometric ratios of CCTO, an
appropriate amount of powders of CaCO3 (Sigma Aldrich,
Germany), TiO2 (Merck, Germany) and CuO (Sigma Aldrich,
Germany) were weighted and mechanically wet ball milled in
deionized water using zirconia ball as milling media for 1 h.
The mixtures were dried and ground using agate mortar to
form the ﬁne powders. The powder was calcined in air at
900 C for 12 h using a Carbolite Furnace then was character-
ized by X-ray Diffractometer (XRD) (model: Bruker AXS D8
Diffractometer) analysis to investigate the phase formation of
calcined powder. The calcined powder was ground and pressed
at 300 MPa to form a pellet shape by using hydraulic press.
The pellet samples were sintered in air at 1020, 1030 and
1040 C for 10 h using a High Temperature Tube Furnace.
The densities of the sintered samples were measured using
Archimedes principle. Then, it was followed by XRD analysis
to identify the phase purity and crystal structure of the sam-
ples. The surface microstructure of the samples was observed
using Scanning Electron Microscopy (SEM) (Tabletop Micro-
scope TM 3000). Impedance Analyzer (RF Impedance/Mate-
rial Analyzer 4291B Hewlett Packard) was used to measure
the dielectric properties at frequencies ranging from 1 MHz
to 1 GHz.
3. Results and discussions
Fig. 1 shows the XRD analysis of the calcined powders and
sintered samples of CCTO ceramics. The calcined powder
shown in Fig. 1(a) shows the formation of CCTO phase with
the existence of unreacted raw materials and secondary phases;
TiO2, CuO, CaTiO3 and CuTi3. The presence of secondary
phases indicates that the calcination process was not fully com-
pleted. Meanwhile, result shown in Fig. 1(b) illustrates a com-
pleted formation of single phase CCTO observed only for
sample sintered at 1030 C (s1030C) while the other samples
showed the minor peaks of secondary phase. Sample that
was sintered at 1020 C (s1020C) and 1040 C (s1040C) exhib-
ited the formation of CuTi3 and CuO phase respectively.
Subramanian et al. (2000) also had reported the existence of
secondary phase of CuO in their CCTO sintered sample. The-
oretically, the Cu2+ cations are reduced at temperature
1000 C into Cu+ and then the Cu+ ions will reoxidize dur-
ing the cooling (Mohamed et al., 2007). Besides, the melting
temperature of Cu is around 1084 C. So, the CuO com-
pound has high tendency to melt at high temperature
Figure 1 X-ray Diffraction (XRD) pattern of (a) calcined CaCu3Ti4O12 powders (b) sintered CaCu3Ti4O12 samples at different sintering
temperatures.
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presence of secondary phase in the pure CCTO sample was
also reported by Hu et al. (2012). By sintering the CCTO sam-
ple at 1200 C for 8 h, they have detected the minor peak of
TiO2 present in their sample after the sample was analyzed
by using XRD.
Fig. 2 shows the SEM micrographs of CCTO pellets that
were sintered at different temperatures. Based on the ﬁgure,
the s1020C sample (Fig. 2(a)) was not fully dense. There is a
lot of porous area with an abnormal growth of grain size
observed in this sample. Increasing the sintering temperaturesigniﬁcantly promotes grain growth and microstructural densi-
ﬁcation. Meanwhile, the s1030C sample (Fig. 2(b)) shows a
denser microstructure than the s1020C sample with the ﬁne
grain size and some pores were seen on the surface. However,
the s1040C sample involves an increase in the grain size and
also experienced abnormal grain growth.
The s1040C sample (Fig. 2(c)) shows the solidiﬁed liquid
phase phenomena at the grain boundaries. The previous study
by Mohamed et al. (2007) also claimed that the grain growth in
the sintered sample sintered above 1030 C increased the
amount of liquid phase. The average grain size of the samples
Figure 2 SEM micrographs of CaCu3Ti4O12 samples sintered at different temperatures: (a) 1020 C (b) 1030 C (c) 1040 C.
Table 1 Relative density and porosity of CCTO samples.
Sample Relative density (%) Porosity (%)
s1020C 77.86 19.75
s1030C 83.92 2.85
s1040C 85.25 0.91
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the s1040C. However, the uniform grain size and clear grain
boundaries were obtained for the s1030C sample with an
average grain size of 2 lm. The similar over grain growth
phenomenon because of high sintering temperature was also
reported by Hutagalung et al. (2007) and Mohamed et al.
(2013).
The presence of liquid phase can be indicated by the forma-
tion of abnormal grain growth phenomena that were observed
on the sample while ﬁne grain growth shows the solid phase
existence. The signiﬁcant changes on the microstructure of
CCTO happened due to secondary recrystallization and possi-
ble vaporization of Cu during higher sintering temperature
(Mohamed et al., 2007). Kwon et al. (2008) stated that the evo-
lution of abnormal grain growth might be caused by Cu2O or
CuO-rich liquid phase that segregates at the grain boundaries
during sintering. It was proved by the XRD results that
showed the existence of CuO phase on the s1040C sample.
Besides, Wang et al. (2008) stated that higher sintering temper-
ature and longer duration for sintering process will increase the
oxygen vacancies. Thus, it increases the diffusion of oxygen
vacancies at grain boundary and promotes more grain growth.
Density and porosity of the CCTO samples are listed in
Table 1. The density of the samples was enhanced by increas-
ing the sintering temperature. In this table, the densest sample
was obtained by the s1040C sample. This sample had the high-
est relative density (85.25%) and lowest porosity (0.91%). On
the other hand, the s1020C sample exhibited the lowest relative
density (77.86%) and highest porosity (19.75%). Meanwhile,
the s1030C sample exhibited relative density and porosity
around 83.92% and 2.85% respectively. The CuO-rich liquid
phase phenomenon on the s1040C sample might ﬁll the porous
area on the sample during sintering process, thus increasing thedensiﬁcation of the sample. Low relative density and high
porosity for s1020C sample was possibly due to the uncom-
pleted ﬁring process and resulted in the large porous area as
seen on the microstructure in Fig. 2(a).
Fig. 3 shows the dielectric constant and dielectric loss of
CCTO samples within the frequency range from 1 MHz to
1 GHz. As shown in Fig. 3(a), the highest value of dielectric
constant measured at 1 MHz was obtained by the s1040C
sample (3748) and the lowest value of dielectric constant
was achieved by the s1020C sample (366). As Brize´ et al.
(2006) reported earlier, Li et al. (2009) also stated that the
dielectric constant or dielectric permittivity of CCTO can be
correlated with grain size and thickness of grain boundary.
By referring to the internal barrier layer capacitor (IBLC)
model (Adams et al., 2006), the effective dielectric constant, eeff
can be measured using Eq. (1);
eeff ¼ tg
tgb
er ð1Þ
where tg is the average grain size, tgb stands for the average
thickness of the grain boundary layer, and er represents the rel-
ative permittivity of the grain boundary layer. As shown in
Fig. 2, s1040c sample has a larger average grain size (8 lm)
compared to the s1030C sample (4 lm) and s1020C sample
Figure 3 Frequency dependence of (a) dielectric constant and (b) dielectric loss of samples sintered at different sintering temperatures.
244 M.F. Ab Rahman et al.(1 lm). According to Eq. (1), it is possible that dielectric con-
stant increases with larger grain size. Densiﬁcation of sample
also plays a major part in contributing to the value of dielectric
constant of CCTO. Porous sample will make dielectric more
difﬁcult to penetrate and also dissipate more heat which will
reduce the dielectric constant of the sample. From Table 1,
the s1040C was the densest sample, thus contributing to the
high dielectric constant of that sample.
Besides, Fig. 3(a) also shows that the dielectric constant of
CCTO samples rapidly drops in the frequency range of 1–
10 MHzand thenwas constantly consistent at higher frequencies.It can be explained by the mechanisms of polarization that have
varying time response capabilities to an applied ﬁeld frequency,
and polarization contributes to the dielectric constant. A dipole
cannot keep shifting orientation direction when the frequency
of the applied electric ﬁeld exceeds its relaxation frequency.When
a polarization mechanism ceases to function, there is an abrupt
drop in the dielectric constant. So, it will notmake a contribution
to the dielectric constant (Callister, 2007).
Meanwhile, Fig. 3(b) shows the effect of sintering tempera-
ture on the dielectric loss of CCTO. The dielectric loss of
CCTO increased with increasing sintering temperatures. The
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the s1020C sample exhibited the lowest dielectric loss (0.025)
which is measured at 1 GHz. High dielectric loss of s1040C
sample might be due to the reduction of the grain boundary
volume in the samples (Yuan et al., 2013). The increase in
the sintering temperature arises due to the existence of the
CuO phase. The CuO phase is related with the increase in
the grain size, leading to the reduction of the number of grain
boundaries, thus increased the permittivity of the sample.
4. Conclusion
CaCu3Ti4O12 ceramic samples have been prepared using solid
state technique. From the XRD analysis, the formation of sin-
gle phase of CCTO was seen only for the sample sintered at
1030 C (s1030C) while the other sintered samples show the
minor peaks of secondary phase. SEM micrograph shows the
abnormal grain growth for the sample sintered at 1020 C
(s1020C) and 1040 C (s1040C), while ﬁne grain was observed
for the s1030C sample. Due to large pores area e, the s1020C
sample had high porosity while the s1040C sample was the
densest sample. The s1040C sample exhibited the highest
dielectric constant values and highest dielectric loss whereas
the values for both dielectric properties decrease with reducing
sintering temperatures.
Acknowledgements
The authors gratefully express gratitude to the Ministry of
Higher Education (MOHE), Malaysia for awarding
MyBrain15; Science Fund, MOSTI Malaysia, under project
No. 03-01-05-SF0432; Fundamental Research Grant Scheme
(FRGS) under project no. 6071197, Exploratory Research
Grant Scheme (ERGS) under the grant No. 6730071, USM
Research University Grant for Individual (RUI) under the
grant No. 814184, and USM Research University (RUT)
Grant under project no. 854004 for ﬁnancial support of this
project.
References
Adams, T.B., Sinclair, D.C., West, A.R., 2006. Characterization of
grain boundary impedance in ﬁne- and coarse-grained CaCu3Ti4-
O12 ceramics. Phys. Rev. B 73, 094124.
Brize´, V., Gruener, G., Wolfman, J., Fatyeyeva, K., Tabellout, M.,
Gervais, M., Gervais, F., 2006. Grain size effects on the dielectric
constant of CaCu3Ti4O12 ceramics. Mater. Sci. Eng., B 129, 135–
138.
Callister, W.D., 2007. Materials Science and Engineering: An Intro-
duction, 7th ed. John Wiley & Sons, New York.Fu, D., Taniguchi, H., Taniyama, T., Itoh, M., Koshihara, S., 2008.
Origin of giant dielectric response in nonferroelectric CaCu3Ti4O12:
inhomogeneous conduction nature probed by atomic force micros-
copy. Chem. Mater. 20, 1694–1698.
Guillemet-Fritsch, S., Lebey, T., Boulos, M., Durand, B., 2006.
Dielectric properties of CaCu3Ti4O12 based multiphased ceramics.
J. Eur. Ceram. Soc. 26, 1245–1257.
He, L., Neaton, J., Cohen, M., Vanderbilt, D., Homes, C., 2002. First-
principles study of the structure and lattice dielectric response of
CaCu3Ti4O12. Phys. Rev. B. 65, 1–11.
Hu, Y., Jeng, T.-S., Liu, J.-S., 2012. Effect of the MgO substitution for
CuO on the properties of CaCu3Ti4O12 ceramics. Ceram. Int. 38,
3459–3464.
Hutagalung, S.D., Ying, O.L., Ahmad, Z.A., 2007. Effect of sintering
temperature on the properties of modiﬁed mechanical alloyed
CaCu3Ti4O12. IEEE Trans. Ultrason. Ferroelectr. Freq. Control
54, 2587–2591.
Kwon, S., Huang, C.C., Patterson, E.A., Cann, D.P., Alberta, E.F.,
Kwon, S., Hackenberger, W.S., Cann, D.P., 2008. The effect of
Cr2O3, Nb2O5 and ZrO2 doping on the dielectric properties of the
CaCu3Ti4O12. Mater. Lett. 62, 633–636.
Li, T., Chen, Z., Su, Y., Su, L., Zhang, J., 2009. Effect of grain size and
Cu-rich phase on the electric properties of CaCu3Ti4O12 ceramics.
J. Mater. Sci. 44, 6149–6154.
Mohamed, J.J., Hutagalung, S.D., Ain, M.F., Deraman, K., Ahmad,
Z.A., 2007. Microstructure and dielectric properties of CaCu3Ti4-
O12 ceramic. Mater. Lett. 61, 1835–1838.
Mohamed, J.J., Hutagalung, S.D., Ahmad, Z.A., 2013. Inﬂuence of
sintering parameters on melting CuO phase in CaCu3Ti4O12. J.
King Saud Univ.-Eng. Sci. 25, 35–39.
Ramirez, A.P., Subramanian, M.A., Gardel, M., Blumberg, G., Li, D.,
Vogt, T., Shapiro, S., 2000. Giant dielectric constant response in a
copper-titanate. Solid State Commun. 115, 217–220.
Sinclair, D.C., Adams, T.B., Morrison, F.D., West, A.R., 2002.
CaCu3Ti4O12: one-step internal barrier layer capacitor. Appl. Phys.
Lett. 80, 2153–2155.
Subramanian, M.A., Li, D., Duan, N., Reisner, B.A., Sleight, A.W.,
2000. High dielectric constant in ACu3Ti4O12 and ACu3Ti3FeO12
phases. J. Solid State Chem. 151, 323–325.
Sulaiman, M.A., Hutagalung, S.D., Mohamed, J.J., Ahmad, Z.A.,
Ain, M.F., Ismail, B., 2011. High frequency response to the
impedance complex properties of Nb-doped CaCu3Ti4O12 electr-
oceramics. J. Alloys Compd. 509, 5701–5707.
Wang, C.M., Kao, K.S., Lin, S.Y., Chen, Y.C., Weng, S.C., 2008.
Processing and properties of CaCu3Ti4O12 ceramics. J. Phys. Chem.
Solids 69, 608–610.
Yuan, W.X., Luo, Z., Wang, C., 2013. Investigation on effects of CuO
secondary phase on dielectric properties of CaCu3Ti4O12 ceramics.
J. Alloys Compd. 562, 1–4.
Zang, G., Zhang, J., Zheng, P., Wang, J., Wang, C., 2005. Grain
boundary effect on the dielectric properties of CaCu3Ti4O12
ceramics. J. Phys. D Appl. Phys. 38, 1824–1827.
Zheng, Q., Fan, H., Long, C., 2012. Microstructures and electrical
responses of pure and chromium-doped CaCu3Ti4O12 ceramics. J.
Alloys Compd. 511, 90–94.
